Introduction
============

Cytidine-5\'-diphosphocholine (CDP-choline CDPCho, or CDPC) is the precursor of phosphatidylcholine (Ptd- Cho), a vital component of neuronal membranes, and has been used widely to treat CNS injuries and diseases [@B1]-[@B5]. Numerous preclinical studies have demonstrated the neuroprotective effects of CDPC through stimulation of the synthesis of brain phospholipids, prevention of phospholipase A2 (PLA2) activation, and reduction of oxidative stress [@B6], [@B7]. Under the generic name of citicoline, CDPC has been approved in Europe and Japan for the treatment of head trauma, stroke, and neurodegenerative diseases [@B8]. To date, citicoline is the one of few clinically available substances that have ever shown significant neuroprotective effects in less severe strokes [@B6]. Clinical data also have shown the significant effect of citicoline on certain slowly developing neurodegenerative diseases, including glaucoma [@B1], mild vascular cognitive impairment[@B9], Parkinson\'s disease[@B10], and Alzheimer\'s disease [@B11].

However, the therapeutic effect of citicoline has been proven to be ineffective in several recent clinical studies on large populations, for instance, the COBRIT (CiticOline Brain Injury Treatment) trial, performed on 1,213 patients to treat traumatic brain injury [@B9], and the ICTUS (International Citicoline Trial on Acute Stroke) trial, performed in 2,298 patients to treat moderate-to-severe acute ischemic stroke [@B8]. These disappointing clinical results were somewhat unexpected compared to the exciting preclinical results. Recent studies indicate that this disparity was likely caused by the limited delivery of the administered citicoline to the injured brain region [@B12]. After administration, citicoline undergoes rapid hydrolysis and dephosphorylation into cytidine and choline, which then enter the brain separately and are used to resynthesize CDP-choline inside brain cells [@B5]. The bioavailability in the injured brain was reported to be as low as 0.5% and 2% for oral [@B13] and intravenous (i.v.) administration [@B7], respectively. Therefore, there is an urgent need to develop new drug delivery routes that can improve the bioavailability, and, consequently, improve the effectiveness of citicoline treatment. It has been shown that liposome-mediated delivery offers a robust way to improve the therapeutic index of citicoline [@B14]-[@B17]. Using this rationale, Agulla et al. showed a significant improvement in bioavailability of up to 23% in rat ischemic brain using heating-block protein-targeted liposome systems [@B14]. More importantly, that study employed a Gd-DTPA-label to show the distribution of the injected liposomal citicoline in the brain, thus enabling the real-time monitoring of drug delivery in the injured tissue. Interestingly, the molecular structure of citicoline contains cytosine, a molecule that has been previously explored as a chemical exchange saturation transfer (CEST) agent [@B18], [@B19]. We therefore hypothesized that citicoline could also be directly detected by CEST MRI, eliminating the need for a synthetic imaging label. CEST is a recently developed MRI technique by which diamagnetic compounds can be exploited to generate MRI contrast, which greatly expands the scope of ^1^H-based contrast agents from previously paramagnetic-metal-based T~1~ and T~2~ contrast to biocompatible and safe diamagnetic compounds, including sugars (glucose [@B20]-[@B22] and myo-inositol [@B23]), proteins/peptides [@B24], metabolites (glutamate [@B25] and creatine [@B26]), and heterocyclic compounds [@B27], [@B28]. The direct CEST imaging of citicoline would make this therapeutic agent MRI-detectable, rendering the drug and drug delivery systems self-trackable, and thus, theranostic [@B29].

The objective of this study was to demonstrate the use of citicoline as a theranostic agent in citicoline-loaded liposome-mediated drug delivery systems, which is expected to improve the local effective delivered dose of citicoline to injured tissues in the ischemic brain. With the CEST MRI signal of citicoline, we can directly evaluate the efficiency of a citicoline delivery system, without the need for chemical labeling and additional imaging agents. We chose to use a liposome drug delivery system because this currently is the most versatile form of nanoparticle drug delivery. In addition, liposomes can be easily modified to pursue targeted delivery. We therefore designed and prepared liposomes with a targeting vascular cell adhesion molecule 1 (VCAM-1) that is abundantly expressed on inflamed vessels in the ischemic brain [@B30].

Materials and Methods
=====================

**Chemicals.** All chemicals were purchased from Sigma-Aldrich (St. Louis, MO) unless otherwise noted. Citicoline was dissolved in phosphate buffered saline (PBS) at the desired concentrations. The solutions were then titrated to pH 7.4 for all studies using 1 M hydrogen chloride and 1 M sodium hydroxide. For the pH dependency study solutions were adjusted from pH=6.0 to pH=8.0.

**Liposome preparation and characterization.**Citicoline encapsulated liposomes (CDPC-lipo) were prepared using a formulation of DPPC:cholesterol:DPPE-PEG-2000=55:40:5 through thin lipid film hydration, an extrusion method [@B31]. In brief, the aqueous citicoline solution (100 mg/mL) was freshly prepared in PBS buffer (pH=7.3). Lipids were dissolved in chloroform and evaporated to form a thin dry film, followed by nitrogen purging for 30 min. The lipid film was hydrated with aqueous drug solution above the transition temperature of the lipid, and shaken for 30 min to form large multilamellar liposomes (MLVs). The solution was then extruded through 100 nm polycarbonate membranes for 20 times to obtain small unilamellar vesicles. The collected liposome solution was filtered through Sephadex G-50 gel columns (GE Healthcare Life Sciences, Pittsburg, PA) to remove unloaded citicoline. Phospholipid content in the final solution was analyzed using the colorimetric Stewart assay [@B32]. The size and size distribution were analyzed by dynamic light-scattering measurements using a Nanosizer ZS90 (Malvern Instruments, Southborough, MA). To quantify the concentration of encapsulated citicoline, liposomes were disrupted by 10% v/v Triton X-100 solution and sonication in a water bath (40 ^o^C) for 30 min [@B31], followed by the measurement of UV absorbance at 286 nm [@B16].

To prepare VCAM-1-targeted immunoliposomes, liposomes were further conjugated with anti-rat CD106 antibody (clone MR106, Biolegend, San Diego, CA) or IgG-1 (Kappa from human myeloma plasma) using a method reported previously [@B33], [@B34]. In brief, liposomes (DPPC:cholesterol:DPPE-PEG-2000: DPPE-PEG(2000)-COOH =55:40:2.5:2.5) were prepared using the procedures described above. Then, a 300 µL solution was incubated with the activating reagents ethylcarbodiimide hydrochloride (EDC, 9 mg) and sulfo-NHS (11 mg) overnight at room temperature to activate the carboxylic groups of DPPE-PEG(2000)-COOH. After removal of the free activating reagents using Sepharose CL-4B columns (GE Healthcare Life Sciences, Pittsburg, PA) with PBS as the eluent, the activated liposome solution was added to 50 μg of either anti-CD106 or IgG-1, followed by a four-hour incubation at room temperature. Using this procedure, antibodies were attached to liposomes through the reaction between the amine and the activated distal terminals (sulfo-NHS ester) of the linker lipid, DPPE-PEG(2000)-COOH, without compromising their specific binding activity. The nonattached antibodies were removed using Sepharose CL-4B columns, as described above.

To determine the release rate of citicoline from liposomes, the retained citicoline in liposomes dialyzed in a sink condition over time were measured according to our previously published procedure[@B19], [@B31]. In brief, liposomes were first filtered immediately after formation using a G50 column. Six samples of 0.3 mL liposome solution were placed in a 0.5 mL dialysis cassette (3.5 KD MW cut off, Thermo scientific). Each of them was immersed in 40 mL PBS buffer under continuous stirring, which was sufficient to produce a good sink condition. At each time point, i.e., 0, 1, 2, 3, 5, and 24 hours, one sample was removed for CEST measurement. After the CEST MRI, the sample was suspended in a 10% v/v Triton X-100 solution and sonicated in a water bath at 40 °C for 30 minutes. After centrifugation (21,000 ×g, 10 min), the supernatant was measured for by UV absorbance at 286 nm using a UV-Vis spectrophotometer.

**Microfluidic chamber assay.**A pre-cleaned glass slide was sonicated in 0.1% (v/v) octadecyltrichlorosilane (OTS) for 30 minutes. The slide was then incubated in FITC-conjugated goat anti-human IgG Fc fragment-specific antibody (Sigma) before being immobilized with recombinant Fc chimera VCAM-1 (R&D systems) at 1 μg/mL. The slide was then blocked in 1% BSA in D-PBS for at least an hour prior to the running of experiments. The microfluidic device was cleaned in ethanol and dried with air before assembly on top of the patterned glass slide. Via a syringe, 0.1% BSA in PBS was introduced into the channel and allowed to flow for three minutes until flow equilibrated. The device was placed on a microscope stage and connected with a syringe pump (KD scientific) to control flow. After the VCAM-1- and fibronectin-coated patches were evaluated and identified via fluorescence visualization using a Nikon TE300 (Tokyo, Japan), 50 μL of the liposome suspension labeled with Texas Red in PBS were perfused through the inlet channel. A 20x field-of-view (450 x 360 μm^2^) was used and each perfusion lasted 15 minutes and pictures were obtained every five min. Five ROIs (100x100 μm^2^) were selected for each series of images and fluorescence intensity was measured using ImageJ (NIH, Bethesda, MD, USA) [@B36] and results presented as the mean ± standard deviation of three independent experiments.

***In vitro* CEST MRI assessment.***In vitro* CEST images were acquired on a 9.4T Bruker Avance system equipped with a 15 mm sawtooth RF coil. A modified RARE sequence (TR=6.0 sec, effective TE=43.2 ms, RARE factor=16, slice thickness=0.7 mm, FOV=14x14 mm, matrix size=128x128, resolution=0.11x0.11 mm^2^, and NA=2) [@B37], including a magnetization transfer (MT) module (one CW pulse, B =3.6 μT \[150 Hz\], 3 sec) was used to acquire CEST-weighted images from -4 ppm to 4 ppm (step=0.2 ppm) around the water resonance (0 ppm) [@B38], total acquisition time = 32 minutes. The absolute water resonance frequency shift was measured using a Lorentzian model-based WAter Saturation Shift Reference (WASSR) method [@B39]. The same parameters as in CEST imaging were used except TR=1.5 sec, t~sat~=500 ms, B~1~=0.5 μT (21.3 Hz) and the saturation frequency swept from -1 ppm to 1 ppm (step= 0.1 ppm). All the *in vitro* MRI measurements were carried out at 37 ^o^C.

Data processing was performed using custom-written scripts in MATLAB (Mathworks, Waltham, MA). CEST spectra were calculated from the mean of an ROI placed over each sample after B~0~ correction of the contrast on a per-voxel basis. The CEST signal was quantified using MTR~asym~ at particular offsets of interest (i.e., Δω= +2.0 ppm) using the definition: MTR~asym~ = (S^-Δω^ - S^+Δω^)/ S~0~, where and S^\[-Δω,\ +Δω\]^ is the water signal intensity in the presence of saturation pulses at offsets ±Δω, and S~0~ is the water signal intensity in the absence of saturation pulses.

**Animals.**All animal experiments were performed in accordance with protocols approved by our Institutional Animal Care and Use Committee. Adult (250 to 300 g) male Wistar rats (n=9) were used to induce transient focal cerebral ischemia, as reported previously [@B40]. In brief, rats underwent a two-hour middle cerebral artery occlusion (MCAO) with an intraluminal suture [@B41]. Transcranial laser Doppler flowmetry (Moor Instruments DRT4) measurements were used to monitor the relative cerebral blood flow during the entire ischemia experiment and a reduction to 30-50% compared to baseline was maintained throughout the procedure. For rats receiving i.a. injection after 2-hour ischemia, the intracranial right internal carotid artery (ICA) ipsilateral to the MCAO was cannulated with PE20 Intramedic polyethylene tubing (Clay Adams lnc.) after withdrawal of the suture.

Rats were randomly separated into three groups (n=3 each) to receive: A) i.a. administration of non-targeted CDPC-lipo at a rate of 0.1 mL/min (total injection volume=0.5 mL, 50 mg/kg) two hours after withdrawal of the suture; B) i.v. injection of VCAM-1-targeted CDPC-lipo (total injection volume =0.5 mL, 50 mg/kg [@B42]) 24 hours after withdrawal of the suture; and C) i.v. injection of IgG-CDPC-lipo (total injection volume =0.5 mL, 50 mg/kg) 24 hours after withdrawal of the suture. Each time before the *in vivo* studies, the CEST contrast of liposomes to be injected was confirmed using *in vitro*MRI.

***In vivo* MRI.**All MR images were acquired on an 11.7 T Bruker Biospec horizontal bore scanner (Bruker Biosciences, Billerica, MA) equipped with a rat brain surface array RF coil (receiver) and a 72 mm volume coil (T11232V3, transmitter). Animals were kept anesthetized by first applying 4% isoflurane, which was then maintained at 1-2% during the entire imaging session. Liposomes were infused via either the pre-cannulated polyethylene tubing in right ICA for i.a. injection or through a pre-inserted home-built catheter (constructed from PE-60 tubing and a gauge 27 needle) in the tail vein for i.v. injection. For each animal, prior to the acquisition of CEST MR images, the formation and the extent of the ischemic lesion was assessed using T2w MRI. T2w images were acquired using a RARE sequence with TR/TE=2500/46 ms, slice thickness=1 mm, acquisition matrix size=256x256, FOV=25x25 mm, and NA=4 (total acquisition time=2 min 40 sec).

CEST images were acquired using the same imaging scheme described above, with the addition of a fat-suppression pulse (3.4 ms hermite pulse, offset=-3.5 ppm) between the saturation pulse and RARE acquisition. The acquisition parameters were: TR=5.0 sec; effective TE=6 ms; RARE factor=20; t~sat~=3 sec; B~1~=2.7 μT; slice thickness=1 mm; acquisition matrix size=64x64; FOV=25x25 mm; and NA=2. For the dynamic study, CEST MR images were repetitively acquired at the offsets of ±1.6, ±1.8, ±2.0, ±2.2, and ±2.4 ppm for 1.5 hours. Each CEST acquisition session took approximately five minutes. The baseline of CEST contrast was determined based the average of the first two scans. The injection was started after the first two sessions were completed. Before and after the dynamic CEST study, two full Z spectra were also acquired from -4 to +4 ppm (0.2 ppm steps). Two WASSR acquisitions were acquired after each Z-spectral CEST acquisition, with the saturation frequencies swept from -1 ppm to +1 ppm (in 0.1 ppm steps)*,*which should have covered the entire range of the B~0~ field inhomogeneity and ensured accurate B~0~ mapping and correction. Data were processed using custom-written MATLAB scripts. The dynamic CEST contrast was quantified by ΔMTR~asym~(t)=MTR~asym~(t) - MTR~asym~ (t=0).

**Fluorescence microscopy.**Animals were anesthetized with sodium pentobarbital (50 mg/kg, i.p.), and transcardially perfused with 10 mL 0.9% heparinized saline followed by 10 mL 4% paraformaldehyde in phosphate-buffered saline. After dissection, the brains were post-fixed, cryoprotected with 20% sucrose and frozen in dry ice. 20 μm thick brain slices were stained with DAPI (Sigma) for the cell nuclei and anti-von Willebrand factor (vWF, Santa Cruz) for activated endothelial cell visualization. Using a Zeiss microscope, whole brain slice images were analyzed for localization of red-stained liposomes.

**Statistics.**Data is presented as mean ± standard deviation. Student\'s t-test (two-tailed, unpaired) was performed to compare the difference in two groups. Cohen\'s ***d*** effect sizes were calculated by d=(mean~pre~-mean~post~)/sqrt(\[SD~pre~^2^+SD~post~^2^\]x\[n-1\]/2n) and d\>0.8 is considered as a large effect size. [@B43]

Results
=======

**Citicoline as a theranostic CEST agent.** To confirm the CEST MRI detectability of citicoline, we first examined T1, T2 and CEST MRI properties of citicoline *in vitro*at pH 7.4 and 37 ^o^C. The r1 and r2 relaxivities were measured to be 7x10^-4^s^-1^mM^-1^ and 1.4x10^-2^s^-1^mM^-1^respectively ([Supplementary Materials](#SM1){ref-type="supplementary-material"}), indicating a negligible T1 and T2 contrast. As shown in Figures [1](#F1){ref-type="fig"}b and 1c, citicoline has two CEST peaks at 1.0 and 2.0 ppm, attributed to the exchangeable amine (NH~2~) and hydroxyl (OH) protons. The Z-spectra (S/S~0~) and MTR~asym~ data are shown in Figures [1](#F1){ref-type="fig"}b and 1c, respectively. As shown in Figure [1](#F1){ref-type="fig"}d, there is a good linearity between the CEST MRI signal, as quantified by MTR~asym~, and the concentration of citicoline up to about 5 mM. The CEST contrasts generated by 1 mM citicoline were 1.0±0.1% and 1.5±0.15% for NH~2~ and OH, respectively, which is specific for our acquisition conditions (i.e., B~1~=3.6, T~sat~=3 sec). At this concentration, the contrast-to-noise ratio (CNR) for these PBS samples was approximately 29 and 45 for NH~2~ and OH, respectively, indicating that the detection limit of CEST MRI is far less than 1 mM[@B44]. CEST MRI, therefore, can be used to detect citicoline without the need for other imaging probes. As shown in Figure [1](#F1){ref-type="fig"}e, our *in vitro*MRI results demonstrate that CEST MRI can be used to detect citicoline at a high spatial resolution (\~100x100 µm^2^).

To study the pH dependence of the CEST contrast of citicoline, we varied the pH of citicoline samples from 6.0 to 8.0. As shown in Figure [2](#F2){ref-type="fig"}, the CEST signal of OH protons was strongly pH-sensitive in terms of both the intensity and apparent chemical shift (CEST frequency) change - when the pH was lowered, the intensity of the OH markedly increased, with the CEST peak shifting from 1.0 ppm to 1.3 ppm. In contrast, the CEST signal at 2.0 ppm for NH~2~ protons was relatively pH-insensitive between pH 6.0 to pH 7.5. Considering the potential variation in pH during pathological progression, the pH-independence of the CEST signal of NH~2~ at 2.0 ppm makes it more suitable for *in vivo*drug detection purposes.

**Citicoline-liposomes can be detected by CEST MRI.**We sought to improve the efficiency of citicoline drug delivery by means of liposome encapsulation (Figure [3](#F3){ref-type="fig"}a). This not only prevents the drug from being catabolized after systemic administration, but also provides an effective way to pursue targeted delivery using surface-modified immunoliposomes. We chose to use DPPC to prepare liposomes because it was reported to obtain a higher loading rate than other phospholipids[@B45]. As measured using DSL, the prepared liposomes had a narrow distribution of hydrodynamic radii around 120 nm. Based on the citicoline concentration measured by UV absorbance at 286 nm[@B16], the encapsulation efficiencies of citicoline were determined to be 13.8% and 7.0% for liposomes dialyzed for 3 and 24 hours, respectively. This corresponds to drug contents of 24.4% and 13.9%, respectively.

The *in vitro* results in Figure [3](#F3){ref-type="fig"}b show that the encapsulated citicoline exhibited a CEST pattern nearly identical to the nonencapsulated citicoline. As a comparison, \~40 nM liposomes (estimated \[citicoline\]= 21.5 mM) produced a similar CEST signal as that of 15 mM citicoline in its free form. The CEST MRI signal allowed the direct quantification of liposomal citicoline. We used this method to quantify the stability of citicoline inside the lumen of liposomes. As shown in Figure [3](#F3){ref-type="fig"}c, there was a biphasic release of citicoline: a rapid drug release in the first four hours followed by a much slower, gradual drug release in the next 20 hours. The rapid initial citicoline leakage was likely due to residual drug molecules absorbed on the surface of the liposome bilayer during the preparation. The later gradual release of the drug was attributed to normal permeation through the liposome lamellae. Using the MTR~asym~values at the final time point and the concentration-dependence study shown in Figure [1](#F1){ref-type="fig"}d, we estimated that approximately 9 mM citicoline remained in the liposomes (lipid concentration = 28 mg/mL) after a 24-hour dialysis. As shown in Figure [3](#F3){ref-type="fig"}d, the kinetics of citicoline release from liposomes obtained by CEST MRI was consistent with the measurement by OD~286~. After dialysis for 24 hours, there was still more than 20% of loaded citicoline retained inside liposomes.

**CEST MRI after intra-arterial delivery of citicoline-liposomes.**We applied our CEST MRI-guided delivery of CDPC-lipo to rat brain after the induction of acute ischemic stroke. As shown in Figure [4](#F4){ref-type="fig"}, a hyper-intense area was visible after a two-hour middle cerebral artery occlusion (MCAO) and a two-hour reperfusion, indicative of ischemic brain injury in these areas. Following MCAO, rats received an i.a. injection of CDPC-lipo on the ipsilateral side of the MCAO at a dose of 50 mg/kg. CEST parametric maps obtained at 1.5 hours after the injection showed a strongly elevated CEST signal (Figures [4](#F4){ref-type="fig"}b and 4c). Specifically, more than 18.3% of the area in the ipsilateral hemisphere exhibited a CEST enhancement \>3%, whilst only 3.6% of the area in the contralateral hemisphere had the same level of CEST enhancement. The same conclusion can be drawn from the histogram analysis (Figure [4](#F4){ref-type="fig"}d), in which the populations of the MTR~asym~ values at 2.0 ppm of all the pixels in the rat brain before and after the injection of CDPC-lipo are compared. We then computed the ∆CEST (∆MTR~asym~) map to directly visualize the scope and distribution of the increase in CEST signal in the rat brain. As shown in Figure [4](#F4){ref-type="fig"}e and Figure [4](#F4){ref-type="fig"}f, the distribution of CDPC-lipo was highly correlated with the distribution of CDPC-lipo detected by fluorescence microscopy of the brain section, in which liposomes were visualized as red spots by conjugated rhodamine-B, except in some areas. These regions, where very high CEST elevation (i.e., ∆MTR~asym~ \>10%) was observed, coincided with the hyperintensive areas shown in the T2w image (Figure [4](#F4){ref-type="fig"}a) and correspond exactly to the anatomical location of the large arteries: the lenticulostriate artery and the middle cerebral arteries. The high increase of CEST signal in these areas was likely due to either a high concentration citicoline or these compartments have long T~1~ and T~2~ relaxation times [@B46]. The mismatch between the CEST MRI and fluorescence microscopy is likely due to the citicoline in vascular compartments washing away during the perfusion procedure. As revealed by the ROI analysis on the two representative ROIs (Figure [4](#F4){ref-type="fig"}g), an increase in the CEST signal could be observed in the ROI on the ipsilateral side, with increased peaks at around 2 ppm, and an average contrast increase of 4.3 ± 3.6% (Figure [4](#F4){ref-type="fig"}h, mean ± standard deviation in the ROI), while a negligible effect (i.e., 0.3 ± 2.2%) was observed in the contralateral side (Figure [4](#F4){ref-type="fig"}i). The uptake of citicoline in the rat brain in this group of animals (n=3) resulted in a 1.4% average signal increase in terms of ∆MTR~asym~ at 2.0 ppm, which corresponded to a 100% CEST signal change (the averaged pre- and post- CEST signals in the brain were 1.4 ± 0.6% and 2.8 ± 2.0% respectively, and Cohen\'s ***d*** effect size =0.83; data are presented as mean ± standard deviation of three animals). According to the *in vitro* calibration study (Figure [1](#F1){ref-type="fig"}d), this effect corresponds to an average uptake of roughly 2 mM citicoline in these regions.

**Construction of VCAM-1-targeted citicoline-liposomes.**While i.a. administration offers a powerful means for enhanced drug delivery, not every patient is suitable for such a procedure. Alternatively, we also designed and prepared VCAM-1-targeted immunoliposomes (Figure [3](#F3){ref-type="fig"}a) that could be applied through a more convenient systemic administration route---i.v. injection with the ability to selectively enhance the citicoline uptake in the inflammatory blood vessels associated with the progress of ischemic stroke. As measured by DSL, the addition of anti-VCAM-1 antibodies to CPDC-lipo did not significantly change the size and stability of liposomes. The ability to selectively bind to VCAM-1-expressing endothelial cells was examined using a microfluidic channel assay (Figure [5](#F5){ref-type="fig"}). When fluorescently-labeled liposomes perfused through the VCAM-1-coated microfluidic channel, VCAM-1-targeted liposomes showed a significantly higher binding affinity than non-specific-IgG-conjugated liposomes, as early as two to five minutes after the perfusion started (Figure [5](#F5){ref-type="fig"}a). At the end of the 15-minute continuous flow, the VCAM-1 channels perfused with VCAM-1-liposomes showed a two-fold higher fluorescence signal than that perfused with non-targeted liposomes (Figures [5](#F5){ref-type="fig"}b &5c), showing the strong binding ability of the prepared targeted liposomes with VCAM-1.

**CEST MRI after intravenous injection of VCAM-1-targeted citicoline-liposomes.**After having confirmed the affinity of targeted liposomes to bind VCAM-1 *in vitro*, we applied VCAM-1-targeted CDPC-liposomes (VCAM-1-CDPC-lipo) in a rat MCAO model. I.v. injection was performed 24 hours after the onset of stroke (Figure [6](#F6){ref-type="fig"}a and Figure [7](#F7){ref-type="fig"}a), as at this point expression of neuroinflammatory vascular adhesion molecules is highly elevated [@B47]. Compared to liposomes conjugated with non-targeted IgG antibodies (IgG-CDPC-lipo), VCAM-1-CDPC-lipo was found to be taken up preferentially by the ischemic rat brain (Figures [6](#F6){ref-type="fig"}d-6e and Figures [7](#F7){ref-type="fig"}d-7e ). This was verified by fluorescence microscopy (Figure [6](#F6){ref-type="fig"}f, Figure [7](#F7){ref-type="fig"}f and Figure [8](#F8){ref-type="fig"}). Histogram analysis (Figure [6](#F6){ref-type="fig"}g vs Figure [7](#F7){ref-type="fig"}g) also confirmed the shift of the populations of the pixel-wise CEST signal in the rat brains before and after the injection of VCAM-1-CDPC-lipo, but not in those injected with IgG-CDPC-lipo. The net increase in CEST signal at 2.0 ppm in the rat brains was estimated to be 0.3% in MTR~asym~ or a 29% relative CEST signal increase (MTR~asym~^pre^=1.7 ± 0.1% and MTR~asym~^post^= 2.0 ± 0.3%, Cohen\'s ***d*** effect size= 1.6) among the rats that received VCAM-1-CDPC-lipo (P=0.028; two-tailed, unpaired Student\'s t test, n=3). Conversely, there was no significant change in the control group (P=0.77; two-tailed, unpaired Student\'s t test, n=3). However, the uptake of VCAM-targeted liposomes in the rat brains after ischemic injury was approximately 4-fold lower and showed a more dispersed distribution than that of i.a. injection. It should be noted that there was some discrepancy between fluorescence and CEST images. We speculated it was caused by two reasons: 1) CEST might not be sensitive enough to catch all the liposomes shown on the fluorescence images; 2) The CEST contrast comes from the MRI slice of 1 mm thickness, and fluorescence from a slice of 20 µm thickness.

Discussion
==========

In this study, we showed that the clinically available neuroprotective agent citicoline is an inherent theranostic agent for CEST MRI detection. Such a \'label-free\' approach could eliminate the barriers that prevent the rapid translation to the clinic of new nanoparticle drug delivery systems. As an example, we used liposomes as a platform drug carrier for the delivery of citicoline and demonstrated its ability to image drug delivery to areas of ischemic stroke. We chose liposomes because they are very well known biocompatible carriers, capable of enhancing cross-BBB transport in the appropriate size range, and are easily modified with targeting moieties [@B14], [@B15]. A recent report has also shown that, by conjugating heat shock protein HSP72 targeting anitbodies, the delivery of citicoline-encapsulated liposomes to ischemic brain tissues could be markedly improved [@B48]. Conventionally, Gd-DTPA- conjugated liposomes [@B48]-[@B50] or super paramagnetic iron oxide (SPIO) nanoparticle-filled magnetoliposomes [@B51], [@B52] have been constructed to make liposomes MRI-detectable. With sophisticated designs, iron oxide nanoparticles and Gd-based agents have been demonstrated to enable monitoring not only drug delivery but also drug release by observing the change in T~1~ and T~2~/T~2~\* contrast after the drugs are released from liposomes[@B53], [@B54]. However, the requirement of additional elements and additional steps for chemical conjugation or labeling may hinder the clinical translation of these systems, especially with recently raised concerns about the safety of Gd-DTPA [@B55]. Moreover, these labeling strategies are indirect---the detectable MRI signal reflects only the location of the drug carriers rather than the encapsulated drug itself. Our approach for citicoline utilized the CEST MRI signal carried by the drug molecules, effectively avoiding these drawbacks of conventional methods and providing a safe and direct way to monitor the drug delivery. This not only can aid in the development of novel delivery systems for citicoline, but also will provide a useful means by which to monitor the effectiveness of citicoline delivery in individual patients to achieve personalized medicine. Using liposome-mediated drug delivery has been proven to be an effective strategy to improve the outcome of citicoline treatment [@B16], [@B17], [@B42], [@B45], [@B48]. However, while liposome encapsulation could effectively improve the bioavailability of citicoline in injured brain regions, the actual outcome might be highly dependent on the status of perfusion and BBB integrity. Directly using the CEST MRI signal carried by citicoline to monitor the drug delivery of the encapsulated citicoline makes such nanoparticulate drug delivery systems inherently MRI-trackable.

We demonstrated that CEST MRI guidance could be used to improve the effectiveness of the nanoparticle-mediated drug delivery of citicoline, either through the design of new nanoparticle drug delivery systems or through the optimal use of currently available systems. For example, our MRI results showed that the i.a. delivery of citicoline-encapsulated liposomes offered a very powerful way to deliver a markedly high amount of citicoline to the injured rat brains. Notably, interventional neuroradiology procedures are becoming a standard of care for stroke patients, offering a unique opportunity for locally targeted i.a. injection of drugs to the injured regions through cerebral arteries at the end of intervention. Nowadays, intra-arterial (i.a.) reperfusion therapy has attracted broad interest and several clinical trials have been carried out with a clear benefit in stoke patients [@B56], [@B57]. Direct delivery of drugs to infarcted areas can be achieved after reperfusion therapy, which can exert additive or synergic benefits in treating stroke patients. Image-based navigation of i.a. injection procedure can assure the sufficient drug delivery to the targeted brain territory, which hence is highly desirable [@B58].

On the other hand, however, not all patients qualify for recanalization at the acute stage and i.v. administration should be considered for this group. Thus, we also sought to construct immunoliposomes that could be used as i.v.-administered agents. We chose VCAM-1 as the target for drug delivery in our study because VCAM-1 is an important mediator of mononuclear leukocyte recruitment and lesion initiation. VCAM-1 is expressed highly only in association with neuroinflammation in ischemic stroke [@B40], [@B59], [@B60], and has been used as an effective target for drug delivery in numerous preclinical studies [@B30], [@B61]. The results showed that the conjugation of VCAM-1-specific antibodies significantly enhanced the brain uptake of citicoline liposomes compared to that of non-targeted liposomes. However, i.a. delivery of non-targeted liposomes was still more effective, and offered an approximately 10 times higher average increase in terms of the CEST MRI signal (amount of citicoline) in the rat brain than i.v. injection of VCAM-1-targeted liposomes.

Another advantage of CEST MRI contrast is its unique property of being "switchable"--- i.e. contrast is only visible when the saturation RF pulses are turned on. In other words, contrary to conventional T~1~ and T~2~ MRI contrast agents, the presence of CEST MRI contrast will not markedly compromise the inherent tissue T~1~ and T~2~ properties. Our experimental results showed that both the r1 and r2 relaxivities are very low, indicating that low concentration of citicoline (i.e., \~ mM) would not cause a significant impact on tissue T~1~ and T~2~ relaxation times. Because the tissue T~1~, T~2~, diffusion, and perfusion are clinically important parameters for the evaluation of the progression of ischemic stroke, the preservation of inherent tissue MRI contrast makes it possible to combine CEST MRI-guided drug delivery with these inherent MRI tissue contrasts.

Our approach has several limitations. First, the sensitivity of CEST MRI should be considered. Our *in vitro* results showed that the detection limit for citicoline is less than 1 mM. However, *in vivo* detectability may be reduced considering there is a substantially higher physiological noise level, as the MRI detectability is determined by the contrast-to-noise ratio (CNR) [@B44]. It should also be noted that, when citicoline is encapsulated in liposomes, the CEST signal of liposomal citicoline is lower than its free form because a single-compartment CEST now is replaced by a compartmental exchange model, in which both the exchange rate of the CEST agents encapsulated in the liposomes and the exchange rate of water molecules across the membrane (typically 10^2^ - 10^3^ Hz)[@B62] contribute jointly to the apparent CEST signal. Fortunately, as a supplemental and therapeutic agent that has been used in the clinic for a long time, citicoline has a well-established safety profile and can be used at an extremely high dose (500-2000 mg daily, administered i.v.), and a high dose would greatly ease the CEST MRI detection and quantification [@B8], [@B63]. The median lethal doses (LD50) for acute single i.v. application of citicoline are reportedly as high as 4,600 and 4,150 mg/kg in mice and rats, respectively[@B64]. Second, CEST contrast can be affected significantly by tissue T~1~ relaxation times as reported previously [@B44], [@B46], [@B65] and shown by our present phantom study on samples doped with different concentrations of Gd-DTPA or MnCl~2~ ([Supplementary Materials](#SM1){ref-type="supplementary-material"}). For an accurate quantification of citicoline concentration in different tissues with different T~1~ relaxation times, relaxation-corrected CEST metrics such as the labile proton concentration-weighted chemical exchange rate (k~ws~) [@B65] and the apparent exchange-dependent relaxation (AREX) [@B66] should be considered. Third, the endogenous CEST signal, i.e., amide protons (APT), would decrease as a result of the progression of ischemic damage [@B67], [@B68], which may complicate the interpretation of CEST MRI after the administration of citicoline-encapsulated drug delivery. Fortunately, the dominant chemical shift for amide protons is 3.5 ppm, which can be separated from the effect of citicoline at 1 and 2 ppm. Moreover, several new CEST MRI techniques [@B69], [@B70] have been invented recently with the ability to filter out CEST MRI effects based on exchange rates, which could also be used for the accurate quantification of citicoline. For example, the exchange rate of citicoline is measured as \~1200 Hz at pH 7.4 and 37 ^o^C ([supplementary materials](#SM1){ref-type="supplementary-material"}), which in principle can be separated from other CEST species, i.e., protein amide protons (3.5 ppm, K~ex~\~30 Hz and 60 Hz for in vivo [@B71] and cross-linked serum albumin phantom respectively [@B72]), glutamine (\~3 ppm, K~ex~\~5,500 Hz [@B25]) and sugars (i.e., glucose, \~1 ppm, K~ex~\~2,300 Hz [@B20], myo-inositol, \~ 1 ppm, K~ex~\~ 600 Hz [@B73]). Finally, although we developed our technique using an 11.7T high-field, small animal MRI scanner, it has been shown that CEST technologies can be quickly translated from pre-clinical scanners (e.g., 9.4T or 11.7T) to clinical 3T [@B74], [@B75] and 7T scanners [@B76]. While the CEST MRI detection of exchangeable protons resonant at 1-2 ppm could be challenging, several recent clinical studies have demonstrated that it is feasible to detect glycosaminoglycan (GAG) [@B77], [@B78] and glycogen [@B79] using clinical 3T scanners. Hence, there are no formidable technical hurdles for future clinical translation, and we expect that, after being fully validated in preclinical studies, our approach will potentially have an immediate clinical impact.

Conclusion
==========

Chemical exchange saturation transfer (CEST) imaging is a relatively new magnetic resonance imaging contrast approach that makes it possible to directly detect diamagnetic drugs that contain exchangeable protons. In the present study, we demonstrated a direct way to detect the therapeutic agent CDPC via its inherent CEST MRI contrast, making it a theranostic agent. Subsequently, we demonstrated that CDPC-loaded liposomes could be detected directly through the CEST MRI signal of citicoline in the rat brain after ischemia, without the need for any extra imaging agents. This approach is versatile for developing citicoline-based, (self-) image-guided, nanoparticulate therapeutics for the treatment of ischemic stroke.
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![**Chemical structure and CEST properties of citicoline. (a)**Molecular structure of citicoline with the exchangeable protons marked in blue (NH~2~) and red (OH). **(b)** Z-spectra and **(c)**MTR~asym~ plots of the CEST contrast of citicoline at 5, 10, and 15 mM. **(d)** Concentration dependence of the CEST contrast at frequency offsets 1 ppm (OH) and 2 ppm (NH~2~), respectively. **(e)**T2w images (top row) and corresponding CEST parametric maps at 1 ppm (middle row) and 2 ppm (bottom row). CEST MRI data were acquired at 37^o^C using B1=3.6 µT and Tsat= 3 seconds. All samples were at pH 7.4 in PBS buffer. Data are presented as mean ± standard deviation of three replicates.](thnov06p1588g001){#F1}

![**pH-dependence of citicoline CEST contrast. (a)** Z-spectra and **(b)** MTR~asym~ plots of the CEST contrast of citicoline at pH values ranging from 6.0 to 8.0. **(c)** CEST parametric maps at 1 ppm (OH) and 2 ppm (NH~2~), respectively. **(d)**pH-dependence of the CEST contrast at 1 and 2 ppm, respectively. CEST MRI data were acquired at 37^o^C using B~1~=3.6 µT and T~sat~= 3 seconds. All samples were at a concentration of 20 mM in PBS buffer. Data are presented as mean ± standard deviation of three replicates.](thnov06p1588g002){#F2}

![**Construction and characterization of citicoline-encapsulated liposomes. (a)** Illustration of the construction of liposomes for CEST MRI-guided, VCAM-1-targeted delivery of citicoline. **(b)** CEST signal of citicoline liposomes (\~ 40 nM per liposome and 21.5 per citicoline) with a 15 mM free citicoline solution (pH 7.4) as the reference. **(c)** Dynamic CEST signal changes during dialysis at 1 ppm and 2 ppm, respectively, associated with the release of citicoline from liposomes. **(d)** Kinetics of the drug release at different time points studied by CEST (2 ppm) and UV absorption (OD~286~), respectively.](thnov06p1588g003){#F3}

![***In vivo* CEST MRI detection of the delivery of citicoline- liposomes in rat brain after acute ischemic injury. (a) T2w MRI showing hyperintensity in the injured areas.** (b) CEST images (MTR~asym~ maps at 2.0 ppm) before and (c) at 1.5 hours after i.a. injection of CDPC-lipo, showing the elevated CEST signal in the ischemic region. (d) Histogram of the CEST signal before and after administration. (e) ∆CEST map as calculated by ∆MTR~asym~= MTR~asym~(post)-MTR~asym~(pre). (f) Fluorescence microscopy of nuclei (blue, stained with DAPI) and liposomes (red, rhodamine-B-labeled). Scale bar= 2 mm. (g) Overlay image of the ∆CEST map and the T2w image with the two ROIs chosen for ROI analysis. (h) MTR~asym~ plots before (blue) and (i) at 1.5 hours after (red) i.a. injection of CDPC-lipo for ROI 1 and ROI 2, respectively. (j) The dynamic CEST contrast change of the stroke within the first 1.5 hours after i.a. injection of CDPC-lipo. Left: dynamic CEST images calculated by The dynamic CEST contrast was quantified by ΔMTR~asym~(t)=MTR~asym~(t) - MTR~asym~(t=0); Right: the mean ROI CEST signal change of the two ROIs shown in g, where data are presented as mean ± standard deviation.](thnov06p1588g004){#F4}

![**VCAM-1 and immunoliposome microfluidic chamber binding assay. (a)** Dynamic binding of VCAM-1-lipo and IgG-lipo to the VCAM-1-coated channel, as studied by changes in the fluorescence signal. Each point represents the mean and standard deviation of five ROIs at each time point. **(b)**Two representative fluorescence images of the microfluidic channels at the end of the 15-minute perfusion period for IgG liposomes (left) and VCAM-1-targeted liposomes (right). **(c)**Fluorescence intensities of VCAM-1-coated channels perfused with VCAM-1-lipo and IgG-lipo at the end of the 15-minute perfusion period. Each point represents the mean and standard deviation of five ROIs. \*\* Indicates significant difference (P\<0.01, two-tailed paired Student\'s t-test).](thnov06p1588g005){#F5}

![***In vivo* CEST MRI detection of the delivery of CDPC-lipo conjugated with anti-VCAM-1 (VCAM-1-CDPC-lipo) in ischemic rat brain.** (a) High resolution T2 weighting image showing the ischemic stroke region (yellow arrow). (b) CEST images (MTR~asym~ maps at 2.0 ppm) before and (c) 1.5 hours after injection. (d) ∆CEST map (-0.03\<∆MTR~asym~\< 0.03) as calculated by ∆MTR~asym~= MTR~asym~(post)-MTR~asym~(pre). (e) Overlay images of the ∆CEST map (0\<∆MTR~asym~\< 0.03) and T2w image. (f) Fluorescence microscopy of nuclei (blue, stained with DAPI) and liposomes (red, rhodamine-B-labeled). Scale bar= 2 mm. (g) Histogram of CEST signal before and after the administration of VCAM-1-CDPC-lipo. (h) The average pre- and post- CEST signal at 2 ppm in the brains of the groups injected with VCAM-1-CDPC-lipo (P=0.028; n=3).](thnov06p1588g006){#F6}

![***In vivo* CEST MRI detection of the delivery of CDPC-lipo conjugated with control IgG-CDPC-lipo in ischemic rat brain.**(a) High resolution T2 weighting image showing the ischemic stroke region (yellow arrow). (b) CEST images (MTR~asym~ maps at 2.0 ppm) before and (c) 1.5 hours after injection. (d) ∆CEST map (-0.03\<∆MTR~asym~\< 0.03) as calculated by ∆MTR~asym~= MTR~asym~(post)-MTR~asym~(pre). (e) Overlay images of the ∆CEST map (0\<∆MTR~asym~\< 0.03) and T2w image. (f) Fluorescence microscopy of nuclei (blue, stained with DAPI) and liposomes (red, rhodamine-B-labeled). Scale bar= 2 mm. (g) Histogram of CEST signal before and after the administration of IgG-CDPC-lipo. (h) The average pre- and post- CEST signal at 2 ppm in the brains of the groups injected with IgG-CDPC-lipo (P= 0.77, n=3).](thnov06p1588g007){#F7}

![**Immunofluorescence microscopy showing the distribution of VCAM-1-CDPC-lipo (top row) and IgG-CDPC-lipo (bottom row) in rat brain.**red: Liposomes labeled with Rhodamine-B; Green: endothelium stained with anti-von Willebrand factor (vWF); and Blue: nuclei stained with DAPI. Scale bar= 50 µm.](thnov06p1588g008){#F8}
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